Structured supported ionic liquid-phase (SSILP) catalysis is a new concept with the advantages of ionic liquids (ILs) used as solvents for homogeneous catalyst and the further benefits of structured heterogeneous catalysts. This is achieved by confining the IL with the transition metal complex to the surface of a structured support consisting of sintered metal fibers (SMFs). In an attempt to improve the homogeneity of the IL film, the SMFs were coated by a layer of carbon nanofibers (CNFs). The IL thin film immobilized on CNF/SMF supports presents a high interface area, ensuring efficient use of the transition metal catalyst. The regular structure of the support with high porosity (>0.8) allows a low pressure drop and even gas-flow distribution in a fixed-bed reactor. The high thermoconductivity of the CNF/SMF support suppresses the formation of hot spots during exothermic hydrogenation reactions. The selective gas-phase hydrogenation of 1,3-cyclohexadiene to cyclohexene over a homogeneous Rh catalyst immobilized in IL supported on CNF/SMF was used as a test reaction to demonstrate the feasibility of the SSILP concept. The catalyst [Rh(H) 2 Cl(PPh 3 ) 3 /IL/CNF/SMF] showed a turnover frequency of 150-250 h −1 and a selectivity of >96%. High-pressure 1 H NMR and 1 H{ 31 P} NMR spectroscopy was used to provide insights into the nature of the active catalytic species.
Introduction
Supported ionic liquid-phase (SILP) catalysis has attracted increasing attention in chemical reaction engineering for applications in continuous-flow reactors [1] [2] [3] [4] . The SILP applies a homogeneous catalyst in a layer of ionic liquid (IL) that is confined on the surface of a solid support with high specific surface area [5] . Although the resulting material is a solid, the active species in the IL phase acting as a homogeneous catalyst preserves its high selectivity. The advantage of SILP catalysis is the reduced amount of IL needed and its multiple reuses, being economically and environmentally beneficial. The feasibility of the SILP catalysis has been demonstrated by several authors on granulated silica randomly packed [2, 5] in fixed-bed reactors [6] [7] [8] . Moreover, most of the reactions were liquid/solid, with only few reported on the SILP catalyst applied to gasphase reactions [6, 7] .
Catalytic beds with a regular catalyst arrangement (structured catalytic beds) present multiple advantages, including a low pressure drop during the fluid passage through the reactor and an even flow distribution, allowing a narrow residence time distribution (RTD) [9] . This property is very important for complex reactions with an intermediate as a target product. It allows for high selectivity, leading to process intensification and favorable environmental impact. The sintered metal fibers (SMFs) in the form of thin plates are used in this study as structured supports for the IL phase containing a homogeneous catalyst. The SMF plates consist of micrometer-size filaments sintered into a homogeneous 3-dimensional structure. They have a high porosity (up to 80-90%) and high permeability, leading to a low pressure drop through the reactor bed. To increase the specific surface area (SSA) of the SMFs and to attain a homogeneous coverage by IL, the SMFs were coated by a layer of carbon nanofibers (CNFs). The CNF/SMF support has high thermoconductivity, suppressing hot spot formation during exothermic hydrogenation reactions [10] .
The feasibility of the SSILP catalysis for gas-phase reactions is tested in the hydrogenation of 1,3-cyclohexadiene to cyclohexene as a model reaction. The reaction was carried out in a continuous fixed-bed tubular reactor with structured catalytic bed containing a homogeneous Rh-based catalyst immobilized in IL confined on CNF/SMF. To elucidate the influence of the support on catalyst activity/selectivity, the SMFs were also coated by a thin zeolite (ZSM-5) film on which the IL phase containing Rh catalyst was deposited. Catalysts were characterized by SEM and XRD, and high-pressure 1 H NMR and 1 H{ 31 P} NMR spectroscopy was used to provide insight into the nature of the active catalytic species. 6 ] (Alfa Aesar, 99%), other chemicals (Fluka, Aldrich, >98%) and gases (Carbagas, >99.99%) were used as received. D6 acetone (99%) was purchased from Cambridge Isotope Laboratories. 3-(Trimethylsilyl)-1-propanesulfonic acid sodium salt (TSPSA) was purchased from Fluka and used as received.
Experimental

Materials
SMFs
Synthesis of SSILP catalysts
Before any manipulations, the SMF panels were cut into round disks (12 mm diameter) and oxidized in air at 650 • C for 3 h (Inconel) or at 1000 • C for 12 h (Fecralloy). In Fecralloy fibers, the aluminum diffuses at high temperatures from the bulk toward the surface, generating an α-Al 2 O 3 layer [12] .
The CNFs were grown on SMF Inconel by decomposition of ethane in the presence of hydrogen. Details of CNF/SMF preparation have been described elsewhere [10] . Before IL deposition, the CNF/SMF Inconel were treated in an ultrasonic bath to remove nonanchored carbon (<0.5 wt%). ZSM-5/SMF Fecralloy composite was prepared as described previously [13, 14] . SSILP catalysts were prepared by impregnation of the modified SMF disks with a solution containing acetone (8 ml), 
Characterization of SSILP catalysts
Scanning electron microscopy (SEM) was used to investigate the surface morphology of the SSILP catalysts and of the SMF supports: SMF Inconel , 2%CNF/SMF Inconel , SMF Fecralloy , and 6%ZSM-5/SMF Fecralloy . The samples were analyzed in a Philips XL30 FEG before and after IL-phase deposition. SEM micrographs at 650× and 3500× were taken with an accelerating voltage of 5-10 kV.
The specific surface areas (SSAs) of the SMF-based composites were measured using N 2 adsorption-desorption at 77 K by a Sorptomatic 1990 instrument (Carlo Erba). The SSA was calculated by the BET method. The Dollimore/Heal model was applied to calculate the pore volume and pore size.
The X-ray diffraction (XRD) patterns of the zeolite and CNF coating were recorded by a powder diffractometer (Model D500, Siemens), using CuKα radiation, steps of 2Q = 0.048, and a step time of 4 s.
NMR spectroscopy of the Rh catalyst in the IL phase was performed under oxygen-free conditions using standard Schlenk techniques with N 2 protective gas. The measurements were carried out in medium-pressure sapphire NMR tubes (pressure <120 bar) and were followed by NMR spectroscopy. 1 H, 13 C, and 31 P NMR spectra were recorded on a Bruker DRX 400 NMR spectrometer. TSPSA and phosphoric acid were used as references for the 1 H, 13 C, and 31 P NMR measurements. The spectra were fitted with WINNMR, GNMR 4.0, and NMRICMA/MATLAB programs on a PC (nonlinear least squares fit to determine the spectral parameters; the differences between the measured and calculated spectra were minimized).
Catalytic activity/selectivity testing
Gas-phase selective hydrogenation of 1,3-cyclohexadiene to cyclohexene was carried out in a stainless steel jacketed fixedbed tubular reactor (12 mm i.d.) at 60 • C and atmospheric pressure. Ten disks of a SSILP catalyst (m cat ∼ 0.9 g) were placed in the middle of the reactor perpendicular to the flow. The mixture of 4 vol% of 1,3-cyclohexadiene, C 6 H 8 , 20 vol% of H 2 , and 76 vol% of Ar (total gas flow, 50 ml(STP)/min) was used throughout the study. The gas flows were controlled by mass flow controllers. The gas lines before and after the reactor were heated (∼90 • C) to prevent condensation, and 1,3-cyclohexadiene was fed into the reactor by a syringe pump. The reaction temperature was monitored by a thermocouple placed downstream on the catalytic bed.
The reaction mixture was analyzed online by gas chromatography (HP6890) using a SPB-5 capillary column and a flame ionization detector. Catalyst performance was monitored for 5 h on stream. The conversion of 1,3-cyclohexadiene was calculated from the difference between its reactor inlet and outlet concentrations. The reaction selectivity toward cyclohexene was calculated as the molar ratio of cyclohexene obtained to 1,3-cyclohexadiene converted. Catalytic activity was expressed in terms of specific reaction rate (R, h −1 ), calculated as the reaction rate (mol of cyclohexadiene converted per h) over the mol of Rh. Steady-state catalytic activity was reached after 3 h on stream, and thus the corresponding values of R were used for characterization. When the kinetics of the reaction was not influenced by mass transport, the specific reaction rate was considered the catalyst turnover frequency (TOF).
Results and discussion
Catalyst characterization
The SMF plates consist of uniform metallic filaments sintered into a homogeneous 3-dimensional structure with porosity of up to 80-90% with high permeability. The fibrous matrix exhibits high mechanical strength combined with chemical and thermal stability. It also acts as a static micromixer to prevent gas channeling within the catalytic bed. Due to their small fiber diameter (∼2-20 µm), SMFs have a relatively large specific surface area, being suitable supports for micrometer-thickness films of a catalytically active phase [14] . This catalyst design decreases internal diffusion limitations, reducing the amount of catalyst required. High thermal conductivity of the metal SMF provides a radial heat transfer twice that of randomly packed catalytic beds [15] , leading to nearly isothermal conditions during exothermic reaction operation. Fig. 1 shows a schematic representation of the structured SMF support in application to ILP catalysis during gas-phase hydrogenation. The SMFs can be used as is, or their surfaces can be modified to improve the homogeneous spreading of IL.
In this study, different modified SMFs were used for ILphase deposition, and their surface morphologies were characterized by SEM. The SEM images with different magnifications are shown in Figs. 2 and 3 . As can be seen, the SMF Inconel panels consist of uniform metal fibers 8 µm in diameter, whereas the SMF Fecralloy has fibers ∼20 µm in diameter. Some grain boundaries can be seen on the metal surface, indicating the formation of metal oxides after SMF oxidation ( Figs. 2A and  3A) . The surface roughness is much greater for SMF Fecralloy (Fig. 3A) , due to an α-Al 2 O 3 layer of Fecralloy fibers formed during the high-temperature treatment; aluminum diffuses from the bulk toward the surface, where it is oxidized, generating oxide film [12] . The filters present an open macrostructure with high porosity even after the coating of their surface by CNFs (Fig. 2C) or zeolites (Fig. 3C) . As seen on the images of the supports and related SSILP catalysts (Figs. 2 and 3) , the liquid phase completely covers the metal fibers. However, the homogeneity of the coverage depends strongly on the fiber surface morphology. On relatively smooth Inconel fibers ( Fig. 2A) , an excess of IL tends to form meniscuses at fiber crossing points (Fig. 2B) , whereas the mesoporous layer of CNF on the metal surface (Fig. 2C ) allows easy spreading, leading to uniform IL films (Fig. 2D) . The same phenomenon is observed when analyzing SMF Fecralloy and ZSM-5/SMF Fecralloy (Fig. 3) . Zeolites on Fecralloy fibers form a network in which ionic liquid can be easily deposited, resulting in a uniform film (Fig. 3D) . Fig. 4 demonstrates that IL (10 wt%) supported on SMF does not affect gas permeability compared with the support itself. The pressure drop in the reactor remains almost the same after IL deposition on SMF Inconel .
Catalyst activity/selectivity
Catalyst stability is presented in Fig. 5 4 ] ratio 0.5). The supported catalyst shows suitable stability during continuous operation along with the high selectivity to cyclohexene. High selectivity to cyclohexene was previously reported by Chauvin et al. [16] , explained by the lower solubility of cyclohexane compared with 1,3-cyclohexadiene and cyclohexane in IL, which allows cyclohexene to escape from the IL phase before being hydrogenated to cyclohexane.
As can be seen in Fig. 5 , the catalyst attains a quasi-steadystate after ∼3 h on stream; thus, the reaction rates could be used to compare the efficiencies of different catalytic systems. Table 1 presents the values for catalyst activity and selectivity with varying parameters: SMF support and IL used, acid/IL and PPh 3 /Rh molar ratios, and Rh loading (wt%). All of the Rh-based SSILP catalysts were found to be active in the gas-phase hydrogenation of 1,3-cyclohexadiene only in the presence of acid. When an acid was added to the solution, the resulted catalyst was able to reach the specific reaction rate of 140 h −1 (entry 5) for The observation that an excess of [H + ] activates the catalyst suggests the nature of the active species in diene hydrogenation. Osborn reported that the Rh + active center coordinates molecular hydrogen, giving catalytically active species [17] , as described by the following equilibrium:
In an excess of [H + ], this equilibrium is shifted to the left, suggesting that the cationic dihydride is the active species, whereas the monohydride species gives poor catalytic activity.
To verify this, a sulfonic acid functionalized IL, [bmim-SO 3 H][CF 3 SO 3 ] , was used as a solvent for the Rh complex. It appeared that even without the addition of an acid, the catalyst was active and selective toward cyclohexene formation (entry 13).
Catalyst performance was found to depend also on the presence of PPh 3 in the catalytic phase. The bottom part of Table 1 presents catalyst activity and selectivity values for various PPh 3 /Rh molar ratios. As seen, with a stoichiometric ratio, low activity and selectivity were observed (entry 6). Improved performance was achieved for PPh 3 /Rh ratios between 4 and 8. For a PPh 3 /Rh ratio of 8, suitable activity and high selectivity (entries 9 and 10) were attained, comparable to the selectivity observed for this catalyst in nonsupported IL [19] .
The effect of the PPh 3 /Rh ratio is shown in Fig. 6 . The donor character of the phosphine ligands under a hydrogen atmosphere enhances the yield of dihydride species [18] . This observation agrees with the suggested dihydride species [Eq. (1)] active for the diene hydrogenation. A similar dependence of Rh-based SILP catalyst activity on the biphosphine ligand (sulfoxantphos) concentration was recently reported for continuous fixed-bed gas-phase hydroformylation of propene [8] ; the authors attributed the observed effect to an irreversible interaction of the ligand with acidic silanol groups on the silica surface. Table 1 also shows that catalyst activity depends on the support used. The reason could be linked to the chemical nature and/or morphology of the support. The latter parameter is known to control the wetting properties of IL, influencing the thickness of the catalytic-phase film. Thin films spread over high-surface-area supports should preclude diffusion limitations, increasing the overall reaction rate. To verify whether the reaction kinetics are influenced by diffusion, several catalysts with different IL loadings (2-12 wt%) and the same Rh in IL (0.9 wt%) were synthesized. The results, presented in Fig. 7 , show that the activity of the catalysts supported on CNF/SMF Inconel is directly proportional to the catalyst loading up to 12 wt%. This indicates that the reaction is not affected by gas diffusion through the IL film. However, the catalysts supported on SMF Inconel indicate the influence of diffusion for IL phase loading >4 wt%. These results explain the observed difference in activity and its dependence on the SMF support. As seen from the results presented in Table 1 , for the same catalysts supported on SMF Inconel , the specific reaction rate is always lower than that of the CNF/SMF Inconel support (entries 3, 5 and 9, 10). The same phenomenon is observed for SMF Fecralloy support compared to ZSM-5/SMF Fecralloy (entries 11 and 12) . The latter support demonstrated higher activity, which also could be due to the formation of a thin homogeneous IL film detected by SEM, as on the CNF/SMF Inconel support. The thinness of the IL layer decreases the influence of mass transfer. Nevertheless, the same catalyst on a CNF/SMF Inconel support (entry 5) provides higher activity and selectivity compared with ZSM-5/SMF Fecralloy (entry 12), demonstrating the effect of the support surface on the Rh catalyst activity. The chemical inertness of the CNF prevents the interaction between the support and the active species dissolved in IL. At the same time, the surface acid groups of the zeolite coating could interact with the phosphine ligands, affecting the activity/selectivity of the catalytic system [8] .
NMR studies
High-pressure NMR spectroscopy was used to identify the nature of the catalytically active rhodium species present in the SSILP under hydrogen at 100 bar. The 1 H NMR spectrum (Fig. 8) exhibits a triplet at −9.6 ppm and a quartet at −15.5 ppm, which corresponds to Rh(H) 2 Cl(PPh 3 ) 3 (presented as A in Scheme 1), in agreement with literature data [20] . However, the coupling of the triplet is reduced in our experiment due to the presence of excess PPh 3 , which is in rapid exchange with the PPh 3 ligand trans to the hydride. The structure of A was further verified by 1 H{ 31 P} NMR spectroscopy. It is reasonable to assume that the PPh 3 ligand trans to the hydride that is in rapid exchange is replaced by the cyclohexadiene substrate, and thus B in the scheme is the probable reaction intermediate. In the absence of acid, the catalyst rapidly decomposes, giving metallic rhodium. This may explain the occurrence of catalyst deactivation without the addition of acid to the catalytic system.
Conclusions
Based on our findings, we can state the following conclusions of this study: of the transition metal catalyst without mass-transfer limitations and isothermal conditions during the exothermic reaction. 5. The SSILP catalyst, [Rh(H) 2 Cl(PPh 3 ) 3 /IL/CNF/SMF], showed high selectivity (>96%) and turnover frequency up to 250 h −1 with acceptable stability during 6 h on stream.
